Objective: Despite the clinical similarities triple-negative and basal-like breast cancer are not synonymous. Indeed, not all basal-like cancers are negative for estrogen receptor, progesterone receptor and HER2 expression while triple-negative also encompasses other cancer types. P53 protein appears heterogeneously expressed in triple-negative breast cancers, suggesting that it may be associated with specific biological subgroups with a different outcome. Methods: We comparatively analyzed p53 expression in triple-negative tumors from two independent breast cancer case series (633 cases from the University of Ferrara and 1076 cases from the University of Nottingham). Results: In both case series, p53 protein expression was able to subdivide the triple-negative cases into two distinct subsets consistent with a different outcome. In fact, triple-negative patients with a p53 expressing tumor showed worse overall and event-free survival. Conclusions: The immunohistochemical evaluation of p53 expression may help in taming the currently stormy relationship between pathological (triple-negative tumors) and biological (basal breast cancers) classifications and in selecting patient subgroups with different biological features providing a potentially powerful prognostic contribution in triple-negative breast cancers.
INTRODUCTION
Clinically, breast cancer patients fall into three main groups: those with estrogen (ER) and progesterone (PR) receptorpositive tumors, who are generally managed with antihormone treatments with/without chemotherapy; those with HER2-positive tumors, who can receive a HER2-targeted therapy; those with ER, PR and HER2-negative tumors, for whom the lack of tailored therapies makes chemotherapy the only available modality of systemic care (1) .
Genome-wide DNA microarray analysis was used to classify breast cancers into five main expression profile groups, two of them ER-positive (luminal A and B) and three ER-negative [normal breast-like, ERBB2 (also known as HER2) and basal-like] (2 -4). Consistent grouping were also obtained resorting either to routine or experimental immunohistochemical markers (5, 6) . In addition, single nucleotide polymorphism association studies indicated that different genetic risk factors can be associated to ER-positive or ER-negative tumors, and that they may also vary according to the expression of HER2 or basal cancer markers (7) . The basal-like cancer group includes tumors that lack both steroid hormone receptors and HER2 expression, the so-called triple-negative cancers (3,8 -10) . However, despite the clinical similarities between basal-like and triplenegative tumors, including higher incidence in younger patients (11, 12) , higher histologic grade (9 -11) , aggressive clinical behavior and poor prognosis (13) (14) (15) , triple-negative and basal-like breast cancers are not synonymous. Indeed, not all basal-like cancers are negative for ER, PR and HER2 expression (8) and the triple-negative group encompasses also non-basal-like tumors, namely normal breast-like cancers (10) . Notably, although normal breast-like tumors have a somewhat better prognosis than basal-like cancers (3,4,16), they do not respond to neoadjuvant chemotherapy as well as basal-like cancers do (17, 18) .
Salient features of triple-negative breast cancers include overexpression of epidermal growth factor receptor (EGFR) and c-KIT, a high proliferative rate, frequent genomic alterations, phenotypic similarity to BRCA1-associated cancers and frequent mutations of the TP53 gene with the corresponding protein heterogeneously expressed (10, 19, 20) . Hence, we comparatively analyzed p53 expression in triplenegative breast cancers from two independent breast tumor case series to assess whether it was associated with specific subgroups with different biological features.
PATIENTS AND METHODS

FERRARA CASE SERIES
A series of 633 patients who underwent surgery for primary infiltrating breast cancer between 1983 and 1992 at the University of Ferrara was analyzed (5). Informed written consent was obtained from all patients and the study was approved by the University of Ferrara Research Ethics Committee. ER, PR, Ki-67/MIB-1 proliferation index (Ki-67), HER2 and p53 levels were assessed by immunohistochemistry (IHC) as elsewhere described (5) . Briefly, the H222 (ER-ICA Abbott, Abbott Laboratories, Chicago, IL, USA) and 6F11 antibodies (NeoMarkers, Fremont, CA, USA) were used to reveal the ER with equivalent results. The KD68 (PR-ICA Abbott) and PR-1A6 (NeoMarkers) antibodies were used to reveal the PR. Staining for ER and PR was done on cryostat sections (ER-ICA or PR-ICA kits, following the manufacturer's instructions) or on paraffin-embedded sections using the streptavidin-biotinperoxidase method (Biogenex, San Ramon, CA, USA).
Ki-67 was determined on cryostat sections with Ki-67 (Dako, Glostrup, Denmark) and on permanent section with MIB1 (Biomeda, Foster City, CA, USA). HER2/NEU was revealed with Ab-1 (Zymed Lab, Inc., San Francisco, CA, USA) and p53 was revealed with DO7 (NeoMarkers). Immunohistochemical procedures were done with an automatic immunostaining device (Ventana Medical System, Tucson, AZ, USA) and Ventana Kits (Strasbourg, France). Immunostaining for ER, PR, Ki-67 and p53 was quantified with a Computerized Image Analysis System (CAS 200, Becton Dickinson, San Jose, CA, USA), as previously described (5) . Only cancer cells with distinct nuclear immunostaining for ER, PR, Ki-67 and p53 were recorded as positive and the percentage of stained nuclei was calculated as the proportion of the stained area versus the total nuclear area. Cancer cells were considered positive for HER2/NEU when they showed distinct plasma membrane immunoreactivity. As percent expression values of ER, PR and HER2 tended to distribute around discrete values (0, 10, 25, 50, 75 and 100% of tumor cells), they were categorized accordingly, whereas percentages of Ki-67 and p53 expressing cells were analyzed without discretization. Triple-negative cases (n ¼ 33) were defined as 0% for the ER, PR and HER2 markers.
NOTTINGHAM CASE SERIES
The distribution of p53 expression values within triplenegative cases was also investigated on an independent data set of 1076 cases from the Nottingham Tenovus Primary Breast Carcinoma Series (21) . In the original study, aimed at immunohistochemically profiling breast cancer, tumor samples were evaluated for 25 different markers: hormone receptors (ER, PR and androgen receptor), EGFR family members (EGFR, c-ErbB2, c-ErbB3 and c-ErbB4), tumor suppressor genes (BRCA1, FHIT and p53), cell adhesion molecules (E-cadherin and P-cadherin), mucins (NCL-MUC1, MUC1-core and NCL-MUC2) and markers associated with luminal (CK7/8, CK18 and CK19) and basal (CK5/6, CK14, SMA and p63) phenotype, or with apocrine (GCDFP-15) or neuroendocrine (chromogranin A and synaptophysin) differentiation. 1D5, PgR636 and HER2 antibodies (DakoCytomation, Dako, Glostrp, Denmark) were used to reveal ER, PR and HER2, respectively, whereas p53 was revealed with DO7 (Novocastra Laboratories, Newcastle upon Tyne, UK) antibody. Levels of IHC reactivity were categorized using a modified H score so that it includes a semiquantitative assessment of both the intensity of staining and the percentage of positive cells. For the intensity, a score of 0-3, corresponding to negative, weak, moderate and strong positivity, was recorded. In addition, the percentage of positive cells at each intensity was estimated. The H score is calculated as 0 Â negative % þ 1 Â weak % þ 2 Â moderate % þ 3 Â strongly stained %. The range of possible scores is thus 0 -300 (21). Triple-negative cases (n ¼ 185) were defined as having a zero H score for ER, PR and HER2. An H score equal to zero was also applied to define p53 status. Despite the different method of IHC and the not strictly equivalent scoring system applied to assess ER, PR and HER2 status, according to the conversion table proposed by Shousha (22) , triple-negative tumors were defined consistently between the two case series. Table 1 summarizes the main clinicopathological features of the triplenegative subgroup from the Ferrara and Nottingham case series.
STATISTICAL ANALYSIS
According to the expression of ER, PR, HER2, Ki-67 and p53, in the original Ferrara study, Ambrogi et al. (5) defined four breast tumor clusters, essentially corresponding to previously identified breast cancer phenotypes (2, 16) . Considering the expression of 25 biomarkers in the Nottingham case series, the original hierarchical classification in six groups proposed by Abd El-Rehim et al. (21) has been subsequently refined using the k-means algorithm and additional approaches, comparatively reported (6) . In the present study, we focused on the clusters related to the basal phenotype owing to its relationship with the molecular triple-negative status (8, 11) .
To show how triple-negative tumors grouped according to p53 expression, a Sammon Mapping was adopted as multivariate visualization technique with suitable properties for preserving, on a bidimensional plot, similarity relationships between tumors in different clusters. The purpose of Sammon non-linear mapping is to provide a bidimensional representation of the tumors, characterized by the considered biological markers, such that any distortion of the representation is minimized (23) . Therefore, similar tumors were likely plotted near to each other in the graph without axis scales because not informative as only relative distances between points are meaningful indicating how triple-negative patients are closer to each other than non-triple-negative patients do. However, to help in interpreting the plot, the Spearman correlations of each axis with the biological markers were considered.
Ever since the availability of full follow-up information on the Ferrara case series, the outcome analysis of p53 status in triple-negative tumors has been based on overall and event-free survival, defined as the time elapsed from surgery to the first occurrence of an adverse event including other primaries and death without recurrence. Kaplan -Meier survival curves with hazard ratio interval estimates and log-rank tests were performed. No additional multivariable models were considered because we assumed TP53 gene alteration and consequently p53 protein dysfunction as the upstream step in the chain of events leading to a more aggressive phenotype that reflects in some patho-biological features. According to this assumption, the adjustment for features downstream causally related to the activity of p53 as the transcription factor, would only mask its primary association with the outcome (24) . Owing to the very limited size of the triple-negative group, the additional role of therapy on the outcome could not be investigated. However, according to the standard treatments applied in the institutions and reported in the original references (5, 25) , throughout the period these samples were collected, a modulation of the response to therapy according to p53 status was not expected.
RESULTS
In the present study, p53 expression was able to subdivide all the triple-negative Ferrara tumors into two distinct subsets (Fig. 1a) , which were included in the previously defined Clusters 2 and 3 (5). Strikingly, p53 expression was only seen associated with the original Cluster 3 previously defined as 'basal-like', whereas low-to-nil p53 expression was observed only in the original Cluster 2, which had a less homogeneous definition. Concerning the Nottingham case series (Fig. 1b) , the results indicated that triple-negative cases were mainly grouped (164 out of 185, 89%) in the two clusters with basal features (6), according to the cytokeratines, but distinguished by the presence of p53. The other triple-negative cases were spread across the other clusters, being mostly (17 out of 21, 81%) negative for p53 expression. 174 p53 in triple-negative breast cancer
As expected, the triple-negative cases of the independent data set from the Nottingham series (21) showed a decreased expression of luminal phenotype-associated markers (MUC1, CK7/8, CK18 and CK19) and an increased expression of basal-like phenotype markers (EGFR, CK5/6 and CK14) (data not shown). In consistence with Ferrara data, the two clusters with basal features were characterized by a different p53 expression with a substantial lack of modulation of the other markers (Fig. 2a and b) . Of interest, and notwithstanding the different immunohistochemical methodologies applied to evaluate p53 expression, in the two overall case series, p53 scores distributed continuously around low/ intermediate values (Fig. 3, left panels) . On the other hand, in both triple-negative subsets the distribution of p53 was sharply dichotomic, i.e. high versus low-to-nil values) (Fig. 3, central panels) , thus supporting the hypothesis of two biologically distinct phenotypes associated to the clinical definition of triple negativity, according to p53 expression.
Overall and event-free survival curves are reported in Fig. 4 . Notably, no difference in the survival of p53 negative versus positive cases was observed in the overall case series, as well as in non-triple-negative breast cancers. Conversely, p53 expression subdivided triple-negative cases in two biological distinct subgroups that, in addition to different aggressiveness features, were associated with worse (p53-positive) or better (p53-negative) prognosis.
DISCUSSION
The clinical definition of triple-negative breast cancer was claimed to not fully encompass the biological definition of basal-like phenotype as emerging from several studies based on genomic analysis and protein expression panels, like those considered in the present study. In particular, this work provides evidence that a biological refinement of the triplenegative condition, mainly associated with basal-like features, can be achieved by splitting basal-like cancers in two distinct subgroups according to p53 expression. Indeed, in the present study, p53 protein expression was shown to be able to subdivide triple-negative tumors in two subgroups, supporting the hypothesis that triple-negative cancers de facto include two different biological entities: basal-like (p53-positive) and normal breast-like (p53-negative) tumors. Owing to this dichotomy within triple-negative cancers, p53 expression, routinely evaluated by IHC as a surrogate marker for mutation status, may help in identifying, on a biological basis, patient subgroups with different aggressiveness features and prognosis. However, more sophisticated statistical analysis for investigating causal dependencies among p53 clinicopathological features and outcome are needed instead of simple adjustment in a multivariable model. This issue was addressed in a paper recently published by our group (26) . In fact, missense TP53 gene mutations often lead to a high stability of p53 proteins that become detectable by IHC (27, 28) . Such mutant p53 proteins can functionally become dominant-negative with gain-of-function properties with respect to truncated p53 proteins that are largely unstable and cannot be revealed by IHC analysis, similar to wild-type p53. As a consequence, missense TP53 mutations are predominantly IHC positive (92.9%), whereas truncating TP53 mutations are predominantly IHC negative (88.5%) (25) . Breast cancer patients carrying missense TP53 mutations show worse disease-free survival than those with wild-type TP53 or with truncating TP53 mutations (27) .
In consistence with the above, Langerod et al. (29) demonstrated that, among the five breast cancer subgroups proposed by Perou et al. (2) , the basal-like and ERBB2þ cases show the highest TP53 mRNA expression while the normal-like phenotype has the lowest TP53 mRNA levels. These findings were confirmed at the protein level. As IHC detection of the p53 protein largely identifies missense TP53 mutations, p53 positivity may represent a useful biological marker to discriminate more aggressive triple-negative basallike tumors from triple-negative tumors with a normal-like phenotype. Our findings consistently support the evidence that p53 expression subdivides triple-negative cases in two subgroups with different prognosis and, in agreement with a very recent independent paper reporting p53 as strongly predictive for relapse-free survival and overall survival in triple-negative patients (30) , support the use of p53 expression as a prognostic marker in triple-negative breast cancers.
In addition, as TP53 gene mutations are predictive of response to taxanes in reconstituted model systems (31) and in patients (32, 33) , knowledge of p53 status may also provide powerful information for selecting, among the triple-negative tumors, those more likely to benefit from taxane versus anthracycline/alkylating agent-based chemotherapy (17, 18, 34) .
Taken together, our findings suggest that the immunohistochemical evaluation of p53 expression may help in Figure 2 . Distribution of the 25 different biomarkers evaluated in the Nottingham case series and expressed as H score only for the 164 triple-negative patients included in the two clusters with basal features, as defined according to cytokeratin expression, but distinguished by p53 values (see (6) for details). Namely, the box plots at the top show the distributions of the 25 different biomarkers evaluated in the original study (21) for the triple-negative cases in the clusters with basal features and characterized by a low p53 expression; at the bottom, the box plots show the distribution for the triple-negative cases in the clusters with basal features with a high p53 expression.
selecting patient subgroups with different biological histories among triple-negative breast cancers, providing a potentially powerful prognostic contribution in such a peculiar group of breast cancers. In fact, as recently pointed out, the identification as a basal-like cancer cannot simply be substituted by evidence for a triple-negative status (35) . Our findings support this notion, showing that triple-negative breast cancer is not a unique biological entity and may also help in 
